The sheath of Leptothrix cholodnii is a glycoconjugate composed of a polysaccharide and a peptide rich in cysteine. In this study, structural determination of the hydrazinolyzate of the sheath was carried out. Since the hydrazinolyzate is a polysaccharide incorporated with cysteine, it was S-derivatized with a thiol-specific fluorogenic reagent, 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F). Fluorescent fragments were purified by HPLC, and their structures were analyzed by mass spectrometry and NMR spectroscopy. The sheath was found to contain 2-(cysteinyl)amido-2-deoxy-D-galacturonic acid residue.
Bacterial strains belonging to the genus Leptothrix are often recognized in iron-and manganese-rich swamps, springs, streams, and water distribution systems. 1) Sheath (a tube-like extracellular structure) formation and ability to oxidize both Fe 2þ and Mn 2þ to their oxides are the distinctive features of this genus.
2)
Leptothrix cholodnii, formerly called L. discophora, 3) is the only species of the genus Leptothrix that can maintain its sheath-forming capability under laboratory conditions. 4) Chemical and structural analysis revealed that the sheath of this species is a glycopeptide consisting of a polysaccharide incorporated with 2-amino-2-deoxy-galacuturonic acid residue (GalNA) and a peptide composed of Gly and Cys. 5, 6) It has been suggested that the polysaccharide moiety has a repeating unit of !4)--GalNA-(1!4)--D-GalpN-(1!4)--DGalpA-(1!4)--D-GlcpN-(1!3)--D-GalpN-(1!, and the peptide moiety was indicated to have a partial amino acid sequence of Cys-Cys-Cys-Cys, 6) but the absolute configuration of GalNA, the complete amino acid sequence of the peptide moiety, and the linkage between the polysaccharide and peptide moieties are still unclear. The sheath and its N-actetylated hydrazinolysate (HLA) of L. cholodnii ATCC51168 were prepared as previously described. 6) Since HLA contains Cys, 6) it was S-derivatized with 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F), 7) a thiol-specific fluorogenic reagent, in the presence of tris(2-carboxyethyl)-phosphine (TCEP), 8) a disulfide bond-specific reducing reagent. HLA (5 mg) was dissolved in 1 ml of 0.1 M sodium borate buffer (pH 8.0) containing 2 mM EDTA and 0.7 mM TCEP. To the mixture, 100 ml of ABD-F solution (20 mg/ml in methanol) was added, followed by heating at 60 C for 10 min. The mixture was dialyzed against distilled water and evaporated to recover fluorescent HLA (ABD-HLA). ABD-HLA (5 mg) was partially hydrolyzed with 2.5 ml of 2.0 M trifluoroacetic acid solution (TFA) at 100 C for 2 h. After evaporation, the fragments of ABD-HLA were separated by HPLC under the following conditions: column, hydrosphere C-18 (4:6 mm Â 150 mm, YMC); temperature, 40 C; mobile phase, 0.1% TFA mixed with various concentrations of acetonitrile (2.1% (v/v) for 5 min followed by a linear gradient to 14.7% (v/v) for 40 min; flow rate, 1 ml/min); detection, fluorescence originated from ABD (excitation at 380 nm and emission at 510 nm). Six major fluorescent peaks were recovered and their purities were investigated by paper chromatography (PC). 6) Cysteine and N-acetylcysteine derivatized with ABD-F (ABD-S-Cys and ABD-S-(N-AcCys) respectively) were prepared in the manner previously described, 6) and were also subjected to HPLC and PC. Four of the six hydrolysates exhibited single spots on PC, while several spots were observed from two others.
Two of the purified hydrolysates were identified as ABD-S-Cys and ABD-S-(N-AcCys) based on retention times on HPLC and R f values on PC. Two other purified hydrolysates, detected at 26.0 min (R f 0.49) and 27.0 min (R f 0.67) on HPLC (PC), were designated fragments I and II respectively, and were subjected to further analysis. Samples for further analysis were obtained by preparative HPLC: column, hydrosphere C-18 (10 mm Â 250 mm, YMC); temperature, 40 C; mobile phase, 0.1% TFA with two-step linear gradient of acetonitrile 0.7-2.1% (v/v) for 5 min followed by 2.1-70% (v/v) for the next 125 min; flow rate, 3 ml/min; detection, absorbance at 220 nm. Under these HPLC conditions, fragments I and II were eluted at 36 and 37 min respectively.
MALDI-MS analysis was done using an AXIMA-CFR instrument (Shimadzu, Kyoto, Japan) in the positive reflector mode using -cyano-4-hydroxy-cinnamic acid as the matrix. Peaks for ions at m/z 1,034.7 and 697.3 were detected from fragments I and II respectively. ESI-MS/MS for fragment I was run in the positive mode using a Quattro II triple quadrupole mass spectrometer (Micromass, Boston, MA). The ESI-MS spectrum presented a single charged ion at m/z 1,034.2. In the ESI-MS/MS pattern of this ion, a molecular ion,
þ , at m/z 1,034.2 was observed. A large signal at m/z 1,016.2 was observed and was considered to be the pseudomolecular ion The 1 H and 13 C NMR spectra of fragments I and II were recorded using Bruker DRX-600, JEOL JNM-LA500, and JEOL JNM-AL400 spectrometers in D 2 O at 25, 45, or 50 C, and were referenced to tetramethylsilane (H 0.00 ppm) and deuterated acetone (C 31.45 ppm). Bruker standard pulse sequences DQF-COSY, TOCSY (mixing time 47 and 117 ms), ROESY (mixing time 100 ms), HSQC, and HMBC (optimized for 5 Hz coupling constant) were used. The 1D-13 C-NMR spectrum of fragment I (the vertical axis of Fig. 1a) showed five anomeric carbon signals, and the HSQC spectrum indicated the corresponding anomeric proton signals (Fig. 1a) . The intensities and 3 J 1;2 coupling constants of each H-1 signal revealed that fragment I contained three -glycosilating sugar residues (designated residues A, B, and C) and one non-glycosilating sugar residue (designated residue D). The TOCSY connectivity from each sugar H-1 signal suggested that residues A, B, and C had a galacto configuration, while residue D had a gluco configuration. Correlations for the H-2 signals of the -(3.18 ppm) and -anomers (2.90 ppm) of residue D to the signals of carbons bearing a nitrogen at 58.7 and 56.2 ppm respectively were observed in the HSQC experiment (Fig. 1a) . Similar HSQC correlations for the H-2 signals of residues B and C to the signals of carbons bearing a nitrogen were also observed (Fig. 1a) . In the HMBC spectrum (Fig. 1b) , the H-5 signals of residues A (4.16 ppm) and C (4.64 ppm) correlated to carbonyl carbon signals of 176.2 and 177.0 ppm respectively. The absolute configurations of the sugar residues, except for GalNA, have been reported to be D. 6) Therefore, residues A, B, C, and D were identified as D-GalA, D-GalN, GalNA, and D-GlcN respectively. The ROESY and HMBC (Fig. 1b) In order to determine the absolute configuration of GalNA (residue C), the glycosylation effects 9) from GalNA to D-GalN (residue B) in the 13 C NMR spectrum were examined. A relatively high -effect of 7.1 ppm for C-4 of D-GalN and a small positive -effect of 1.9 ppm for C-5 of D-GalN indicated that GalNA has the same absolute configuration as D-GalN. Typical downfield 1 H signals of ABD 7) were detected at 7.41 and 7.88 ppm of intensity about 1.0, indicating that fragment I contains one ABD-S-Cys. A cross peak between the proton signal at 1.79 ppm and the carbon signal at 175.9 ppm (Fig. 1b) showed the presence of one acetyl group. Since the MS/ MS experiment suggested the presence of one ABD-S-(N-AcCys), ABD-S-Cys of fragment I was assumed to be N-acetylated. The presence of 2-(N-acetylcysteinyl)amido-2-deoxy-D-galacturonic acid residue was confirmed by the HMBC correlation (Fig. 1b) between the H-2 of GalNA (4.06 ppm) and the C-1 of Cys (173.5 ppm). These results allowed complete assignment of the 1 H and 13 C NMR signals and determination of the structure of fragment I as shown in Table 1 and Fig. 2a respectively. The 1 H and 13 C signals of fragment II were also completely assigned (Table 1) , and its structure was successfully determined in the manner described above (Fig. 2b) .
Based on the finding that GalNA has a D configuration, the structure of the polysaccharide moiety (deacetylated form) of the Leptothrix sheath was defined as (Fig. 2c) . The degree of N-acetylation of the amino groups and the configuration (L or D) of Cys were not defined, but will be in our future projects. In spite of vigorous treatment of the sheath with hydrazine, the amide bond between Cys and GalNA was not cleaved, and 2-(cysteinyl)amido-2-deoxy-D-galacturonic acid residue (GalNCysA) was found in the hydrazinolyzate. The amide bond in GalNCysA is probably surrounded by adjacent sugar residues, protecting it from the action of hydrazine. Incorporation of GalNCysA indicates that connection between the polysaccharide and peptide moieties occurs by this residue. To our knowledge, GalNCysA of natural origin has not yet been identified, and the 2-(N-acetylcysteinyl)amido-2-deoxy-D-glucose residue in mycothiol, 10, 11) an intracellular thiol widely distributed in actinomycetes, 12) is the only residue similar to GalNCysA. Therefore, the sheath of L. cholodnii appears to be a new kind of glycoconjugate. As discussed in our previous paper, 6 ) the sheath of L. cholodnii is considered to be a peptidoglycan-like glycoconjugate. According to ''Nomenclature of glycoproteins, glycopeptides and peptidoglycans'' (http:// www.chem.qmul.ac.uk/iupac/misc/glycp.html), the carboxyl group of the glycosaminoglycan moiety of the peptidoglycans links to the N-terminal amino acid residue of the peptide moiety. In contrast, the amino group in the glycosaminoglycan moiety of the sheath is probably links to the C-terminal amino acid residue (Cys) of the peptide moiety, allowing easy distinction of the sheath from the peptidoglycans. It can be assumed that the sheath of L. cholodnii comprises a new glycoconjugate category. 
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